1. Introduction {#sec0001}
===============

FLT3 ([F]{.ul}ms-[l]{.ul}ike [t]{.ul}yrosine kinase 3) is a member of the class III receptor tyrosine kinase family. Notably, approximately one-third of acute myeloid leukemia (AML) patients have mutations of this gene, and such mutations are one of the most frequently identified types of genetic alterations in AML \[[@bib0001],[@bib0002]\]. The majority of the mutations involve an internal tandem duplication (ITD) in the juxtamembrane domain of FLT3 that is specifically found in AML [@bib0003]. The second most common type of FLT3 mutation in AML are mutations in the activation loop of the tyrosine kinase domain (TKD). Almost all of these mutations involve an aspartate-to-tyrosine substitution at codon 835, although other substitutions have also been identified \[[@bib0004],[@bib0005]\]. These mutations cause a conformational change of the molecule and disrupt its autoinhibitory function, thereby rendering the receptor constitutively active [@bib0006], [@bib0007], [@bib0008].

Differences in the downstream pathways of FLT3-ITD and FLT3-TKD have been extensively characterized using the cytokine-dependent 32D and Ba/F3 cell lines. Several studies have demonstrated that the most unique downstream signaling effect of FLT3-ITD is STAT5 activation [@bib0009], [@bib0010], [@bib0011]. FLT3-ITD, FLT3-TKD, and ligand-activated FLT3-wild-type (WT) downstream signaling pathways commonly activate MAP kinase, Akt, and Shc [@bib0011]. The differences in these signaling pathways are an attractive target focus for research, and can be partially explained by the location changes observed after FLT3 mutations that affect the maturation of the surface glycoproteins.

As there are many excellent reviews on the roles of FLT3 in hematological malignancies \[[@bib0001],[@bib0002],[@bib0006], [@bib0007], [@bib0008],[@bib0012]\], this review particularly focuses upon on the differences in intracellular localization of wild-type and mutant FLT3 receptors that affect the modification status for glycosylation and influence the downstream signaling pathways. The author also summarizes recent knowledge on the maturation and localization changes of mutated FLT3 receptors and other receptor tyrosine kinases and the signaling differences arising from these regulations.

2. Glycosylation status is affected by mutational status of FLT3 receptor {#sec0002}
=========================================================================

It was reported that two species of FLT3 receptor can be detected by western blotting [@bib0013]: a 150-kDa species representing the complex glycosylated mature form and a 130-kDa species representing the under-glycosylated immature form with mannose-rich structures. In cells expressing FLT3-ITD, the 130-kDa species was predominantly detectable, while cells expressing FLT3-WT had proportionally more of the 150-kDa species [@bib0013]. *Galanthus nivalis* lectin, which is selective for mannose-rich structures, was shown to interact specifically with the 130-kDa species expressed as FLT3-ITD [@bib0014]. Furthermore, the 130-kDa form was selectively deglycosylated by digestion with endo-H, which is highly specific for immature mannose-rich carbohydrates [@bib0014]. Because mannose-rich glycoproteins are a hallmark of endoplasmic reticulum (ER) proteins, it was concluded that the FLT3 130-kDa species resides in an ER compartment [@bib0013]. In addition, it was also demonstrated that FLT3-ITD is localized in a perinuclear region [@bib0015]. Collectively, attenuated glycoprotein maturation and intracellular localization are probably cause and effect, and the mutational state of FLT3 may regulate these statuses.

3. FLT3-ITD affects the maturation and intracellular localization, thereby regulating the downstream pathways {#sec0003}
=============================================================================================================

Accumulating evidence suggests that dynamic changes in the intracellular localization of FLT3 and maturation of the glycoprotein affect the control of its downstream signaling pathways ([Fig. 1](#fig0001){ref-type="fig"}(A)). A very important paper by Choudhary et al. [@bib0016] described that FLT3-ITD localized at the ER aberrantly activates STAT5, while FLT3-ITD localized at the membrane strongly activates the MAPK and PI3K pathways with diminished phosphorylation of STAT5. Köthe et al. [@bib0017] further confirmed that FLT3-ITD localized at the plasma membrane leads to constitutive activation of K-Ras. It was recently reported that FLT3-ITD and FLT3-D835Y (FLT3-TKD) are retained in the perinuclear ER, while FLT3-WT is expressed in the plasma membrane [@bib0018]. After addition of the tyrosine kinase inhibitor (TKI) AC220, the intracellular localization of FLT3-ITD, as well as FLT3-TKD, changes to a plasma membrane localization, similar to FLT3-WT or FLT3-N676K, another type of FLT3-TKD ([Fig. 1](#fig0001){ref-type="fig"}(B)) [@bib0018]. This phenomenon was also reported by Schmidt-Arras et al. [@bib0013], who noted that inhibition of FLT3-ITD kinase by small molecules, inactivating point mutations, or co-expression with protein-tyrosine phosphatases promotes complex glycosylation and surface expression ([Fig. 1](#fig0001){ref-type="fig"}(B)) [@bib0013]. Based on these observations, Reiter et al. [@bib0018] demonstrated that TKI treatment boosts FLT3 × CD3 antibody-mediated cytotoxicity against FLT3-ITD-positive AML cells.Fig. 1Subcellular localizations of FLT3-ITD and FLT3-TKD, their maturation statuses, and their effects on downstream pathways. (A) FLT3-ITD localized at the ER activates STAT5, while FLT3-ITD localized at the membrane strongly activates the MAPK and PI3K pathways [@bib0016]. (B) Addition of TKI, inactivating point mutations, or co-expression with protein-tyrosine phosphatases (PTP) promotes complex glycosylation and surface expression of FLT3-ITD and FLT3-TKD, similar to FLT3-WT \[[@bib0013],[@bib0017],[@bib0018]\].Fig 1

The mechanisms, which leads to changes in subcellular localization of FLT3 as consequence of activating mutations, remained unclear. However, Rudorf et al. [@bib0019] recently revealed one of these mechanisms, that FLT3-TKD is able to activate the downstream effector molecule STAT5 in the presence of mutated Nucleophosmin (NPM), NPM1c ([Fig. 2](#fig0002){ref-type="fig"}). They showed that NPM1c alters the cellular localization of FLT3-TKD from the cell surface to ER, which may lead to the aberrant activation of STAT5. They revealed that co-immunoprecipitation of FLT3 shows interaction with NPM1c in OCI-AML3 (NPM1c) FLT3-TKD (D835Y) cells, low interaction in OCI-AML3 (NPM1c) FLT3-ITD cells, but not in HL-60 (NPM wild type)-FLT3-TKD cells. Phosphorylation of FLT3 at amino acid 835 is crucial for NPM1c interaction. In addition, they clearly demonstrated that aberrant STAT5 activation occurs not only in primary murine cells but also in patients with AML with combined FLT3-TKD and NPM1c mutations. These findings may provide potential mechanisms leading to intracellular retention or altered trafficking of mutated FLT3 receptors.Fig. 2Mechanisms of the change of subcellular localization of FLT3-TKD and effect for downstream pathways. Mutations of NPM1 result in cytosolic form of NPM1, called NPM1c, alters the cellular localization of FLT3-TKD from the cell surface to ER, which leads to the aberrant activation of STAT5 [@bib0019].Fig 2

Moloney et al. [@bib0020] demonstrated that FLT3-ITD at the plasma membrane is responsible for activation and phosphorylation of the AKT signaling pathway and production of p22^phox^-generated H~2~O~2~. Inhibition of FLT3-ITD-generated ROS at the plasma membrane leads to NOX4 de-glycosylation and p22^phox^ proteasomal degradation ([Fig. 3](#fig0003){ref-type="fig"}) [@bib0020]. The same group also demonstrated that not only AKT but also ERK1/2, GSK3β and STAT5 result in activation and production of DNA-damaging NOX4D-generated H~2~O~2~ at the nuclear membrane ([Fig. 2](#fig0002){ref-type="fig"}) [@bib0021]. Collectively, these findings suggest that the change in localization with surface modification of the glycoprotein alter the effects of FLT3 downstream pathways.Fig. 3Downstream signaling of FLT3-ITD at the plasma membrane. FLT3-ITD at the plasma membrane is responsible for activation and phosphorylation of AKT, ERK1/2, GSK3β and STAT5, resulting in activation and production of DNA-damaging NOX4D-generated H~2~O~2~ \[[@bib0020], [@bib0021]\].Fig 3

4. Effects of glycosylation inhibitors for FLT3 function {#sec0004}
========================================================

Fluvastatin, a statin, was reported to attenuate mutant FLT3 kinase activity by preventing complex glycosylation of the receptor [@bib0022]. This effect induces altered localization and signaling and ultimately leads to induction of apoptosis [@bib0022].

Statins were developed to lower cholesterol and triglyceride. They act by blocking 3‑hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase, a rate-limiting step in the mevalonate pathway [@bib0023]. The mevalonate pathway produces dolichol, which is responsible for co-translational transfer of oligosaccharides to nascent polypeptides that undergo N-linked glycosylation [@bib0024]. Williams et al. [@bib0022] clearly demonstrated that fluvastatin inhibits FLT3 glycosylation and prolongs survival of mice with FLT3-ITD leukemia. The anticancer drug 2-deoxy-[d]{.smallcaps}-glucose (2-DG), which also inhibits N-linked glycosylation, has been extensively investigated in solid tumors [@bib0025]. However, there have been few reports [@bib0026] on the effects of 2-DG in leukemia cells. Larrue et al. [@bib0027] recently described that 2-DG efficiently inhibits the activity of FLT3-ITD and c-KIT mutants in AML. They clearly showed that 2-DG acts through N-linked glycosylation inhibition to inhibit the cell-surface expression and cellular signaling of FLT3-ITD and c-KIT mutant, and induce apoptotic cell death [@bib0027]. Recently, Tsitsipatis et al. [@bib0028] demonstrated that abrogation of FLT3-ITD glycoprotein maturation by low doses of the N-glycosylation inhibitor tunicamycin has antiproliferative and pro-apoptotic effects. These effects are partly mediated by arresting FLT3-ITD in an under-glycosylated state and thereby attenuating FLT3-ITD-driven AKT and ERK signaling [@bib0028]. In combination with FLT3 kinase inhibitors, tunicamycin exhibits a strong and specific synergy in killing of FLT3-ITD-expressing cell lines and primary AML cells [@bib0028]. Although tunicamycin is currently not a clinically approved drug, it was reported to be well-tolerated *in vivo* using mouse models \[[@bib0029],[@bib0030]\]. Therefore, possible use of tunicamycin as a clinical drug combined with FLT3 inhibitors can be expected in the future. Collectively, the findings suggest that this glycosylation inhibitor can disturb the cell-surface expression and cellular signaling of FLT3 and c-KIT mutants.

Although FLT3 inhibitors have shown promising efficacies in AML, their duration of clinical response is short because of the rapid development of resistance [@bib0031]. Because there are many good examples of combination therapy with FLT3 inhibitors [@bib0032], [@bib0033], [@bib0034], FLT3 inhibition with glycosylation inhibition may be a new attractive combination therapy for AML.

5. Subcellular localization of receptor tyrosine kinases may generally affect the activation of downstream kinase pathways {#sec0005}
==========================================================================================================================

ER or Golgi compartment retention is not FLT3-specific, but rather a general mechanism for activation of receptor tyrosine kinases (RTKs) and downstream pathways. Cleavage at the transmembrane domain of RTK, which yields an intracellular domain may occur by various mechanisms in response to various stimuli [@bib0035]. RTK intracellular domain fragments are stabilized and intracellularly transported into subcellular compartments, such as the nucleus, by binding to chaperones or transcription factors, while membrane-bound RTKs (full-length or truncated) are transported from the plasma membrane to the ER through association with cargo proteins, such as Rab- or clathrin-binding adaptor proteins, through retrograde trafficking pathways \[[@bib0036],[@bib0037]\]. Rab functions in internalization and transport to degradation, as well as recycling to the plasma membrane and the Golgi \[[@bib0036],[@bib0037]\].

Cellular receptors for growth factors and cytokines are post-translationally modified with N-linked branched carbohydrate chains [@bib0013]. Newly synthesized polypeptide chains initially become glycosylated with mannose-rich branched oligosaccharides in the ER. The glycoproteins are then subjected to partial de-glycosylation, and transferred to the Golgi compartment for more complex glycosylation \[[@bib0013],[@bib0038]\]. As already described in several reviews, irreversible RTK modifications, such as proteolytic cleavage events, are related to changes in intracellular localization \[[@bib0036],[@bib0039],[@bib0040]\].

Abnormal maturation and trafficking have been observed for many tyrosine kinase receptors, including platelet-derived growth factor (PDGF), KIT, and colony stimulating factor (CSF) 1 receptors, which are type III RTKs like FLT3. Intracellular activation of PDGF receptors by the v-sis protein is related to sis-mediated transformation [@bib0041]. Like FLT3 receptor, normal cells synthesize the receptor as a 160-kDa precursor that contains core, endo-H-sensitive, and asparagine-linked sugars. The precursor is converted to a 180-kDa mature form that contains complex endo-H-resistant oligosaccharides and is expressed at the cell surface \[[@bib0041],[@bib0042]\]. In v-sis-transformed cells, a 140-kDa incompletely-processed form of the receptor is observed in addition to the 160-kDa precursor. Autocrine activation of PDGF receptor occurs in intracellular compartments [@bib0041]. Tabone-Eglinger et al. [@bib0043] reported that mutations in KIT, also known as c-KIT, induce intracellular retention and activation of an immature form of KIT protein in gastrointestinal stromal tumors (GISTs). They showed that GIST-type KIT mutations induce activation-dependent alterations in normal maturation and trafficking, resulting in intracellular retention of the activated kinase within the cell. Kim et al. [@bib0044] reported that mutant KIT proteins are intrinsically less stable than wild type KIT due to proteasome mediated degradation. They and others have shown that mutant KIT, similar to FLT3, abnormally localized to the ER or Golgi complex [@bib0043], [@bib0044], [@bib0045], [@bib0046]. Importantly, by screening a mutant KIT stabilizing factor, Kim et al. [@bib0044] have found that protein kinase (PKC)-θ is strongly expressed in GISTs. They also found that PKC-θ interacts with intracellular mutant KIT to promote its stabilization by increased retention in the Golgi complex. Another example is CSF1 receptor, which exhibits activating mutations that retard transport to the cell surface and lead to tyrosine phosphorylation in the absence of a ligand, resulting in CSF1-independent signals for cell growth and transformation [@bib0047].

In the maturation of fibroblast growth factor receptor 3 (FGFR3), an RTK, an inhibitory role of tyrosine phosphorylation has been suggested. Lievens et al. [@bib0048] demonstrated that amino acid substitutions at the Lys-650 codon within the activation loop kinase domain of FGFR3 result in constitutive phosphorylation of the receptor. Highly activated tyrosine-phosphorylated SADDAN (severe achondroplasia with developmental delay and acanthosis nigricans) mutants lead to accumulation of the immature and phosphorylated form in the ER, which fails to be degraded. The ER-retained constitutively-active FGFR3 activates the Janus kinase (JAK)/STAT pathway by recruiting Jak1, while wild-type FGFR3 is unable to activate STAT1 [@bib0048]. A similar mechanism is observed for anaplastic lymphoma kinase (ALK). When common mutations of ALK, a membrane-associated RTK, occur, the ALK mutants are essentially intracellular and largely retained in ER/Golgi compartments, and this localization is correlated with a defect of N-linked glycosylation [@bib0049]. Furthermore, Mazot et al. [@bib0049] reported that constitutive activity of ALK impairs receptor trafficking.

Not only point mutations but also fusions of RTKs play a role in the aberrant intracellular localization and downstream signaling of receptors. Neel et al. [@bib0050] recently reported that clinically relevant ROS1 RTK fusion oncoproteins show differential subcellular localizations, which impart distinct cell signaling and oncogenic properties. When ROS1 fusion proteins are localized to endosomes, the strongest activations of MAPK signaling are observed. A list of the RTKs described in this review is provided in [Table 1](#tbl0001){ref-type="table"}.Table 1List of RTKs whose functions are affected by intracellular localizations.Table 1Name of RTKDescriptionRefs.FLT3-ITDIn ER, FLT3-ITD activates STAT5, while in membrane FLT3-ITD strongly activates MAPK and PI3K\[[@bib0016],[@bib0017]\]FLT3-ITD, FLT3-TKD, FLT3-N676KAfter the addition of tyrosine kinase inhibitor (TKI) AC220, a intracellular localization of FLT3-ITD, as well as FLT3-TKD was changed to plasma membrane, which is similar to FLT3-WT or FLT3-N676K, another type of FLT3 TKD[@bib0018]FLT3-TKDNPM1c alters the cellular localization of FLT3-TKD from the cell surface to ER, which may lead to the aberrant activation of STAT5.[@bib0019]FLT3-ITDIn plasma membrane, FLT3ITD activates AKT signaling pathway and produces of p22phox-generated H~2~O~2~[@bib0020]PDGFRThe precursor of PDGF receptor is converted to a 180-kD mature form. Intracellular activation of PDGFR by the v-Sis protein has been related to sis-mediated transformation.\[[@bib0041],[@bib0042]\]KIT mutationKIT mutations induce intracellular retention and activation of an immature form of the KIT protein in gastrointestinal stromal tumors[@bib0043], [@bib0044], [@bib0045], [@bib0046]CSF1 mutationCSF1 activating mutation retarded in transport to the cell surface and were phosphorylated on tyrosine in the absence of ligand, resulting in CSF-1-independent signals for cell growth and transformation.[@bib0047]FGFR3 mutationThe highly activated tyrosine phosphorylated SADDAN mutants accumulates its immature and phosphorylated from in the ER, which fails to be degraded. ER retained constitutively active FGFR3 activates JAK/STAT pathway.[@bib0048]ALK mutationConstitutive active form of ALK impairs receptor trafficking. Mutated ALK variants were essentially intracellular and were largely retained in the reticulum/Golgi compartments, and this is corroborated with a defect of N-linked glycosylation[@bib0049]ROS1 RTK fusion proteinsSDC4-ROS1 and SLC34A2-ROS1 fusion oncoproteins resided on endosomes and activated the MAPK pathway.[@bib0050]

In summary, not only FLT3 and other type III RTKs, but also many additional RTKs have similar characteristics for the effects of their mutation, maturation, intracellular localization, and activation on downstream signaling.

6. Conclusion {#sec0006}
=============

Collectively, subcellular localization and surface glycoprotein modification impact the functions of FLT3 and many other RTKs and lead to in changes in downstream pathways. Based on these mechanisms, several promising drugs have been attracting attention, including fluvastatin [@bib0022], 2-DG [@bib0027], and tunicamycin [@bib0028]. In particular, statins are a class of drugs already approved by the US Food and Drug Administration and may be repurposed for the management of AML cases with FLT3-ITD. Further clarification of the mechanisms of these regulations may lead to the development of effective therapies for RTK-activated leukemia.
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